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GC/MSa b s t r a c t
We have developed a simple and reliable passive-sampling method for determining outdoor 1,3-
butadiene concentrations in air. In this method, 1,3-butadiene is adsorbed on Carboxen 1000 uni-
formly packed in a porous polytetraﬂuoroethylene tube and then analyzed by thermal desorptionegas
chromatography/mass spectrometry. The amounts of 1,3-butadiene adsorbed on Carboxen 1000 were 2.8
times as high as those adsorbed on activated carbon. Much greater amounts of 1,3-butadiene were
collected with the passive sampler than with an active sampler even though ozone, which reacts rapidly
with 1,3-butadiene, could penetrate the passive-sampling tube. These results demonstrate that our
method sensitively and reliably determines outdoor 1,3-butadiene concentrations in air, that ambient
ozone slowly react with 1,3-butadiene adsorbed by the passive sampler, and that the KI ozone scrubber
in an active-sampling system does not completely remove ozone from the system.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Monitoring volatile organic compounds (VOCs) in both the
outdoor and the indoor environment has attracted much attention
(Tong et al., 2012; Zhu et al., 2005; Ohura et al., 2006). The VOC
1,3-butadiene is a highly reactive hazardous air pollutant with amagai).
r Ltd. Open access under CC BY-NC-Nshort lifetime and is quickly transformed in the atmosphere to a
variety of products, some of which are also toxic (Hsieh and Tsai,
2003; Baldasano et al., 1998; Barletta et al., 2002; Martina et al.,
2012).
1,3-Butadiene has a low acute toxicity following a single-
inhalation exposure, although the eyes, nose, mouth, and respira-
tory tract are irritated at high concentrations (Arthur and Carroll,
2007; Narisa et al., 2011; Sorsa et al., 1996). Animal studies, how-
ever, indicate that epoxide metabolites may be genotoxic. Penn and
Snyder (2007) reported epidemiological evidence for the associa-
tion between occupational exposure to 1,3-butadiene and
cardiovascular disease as well as experimental evidence for
1,3-butadiene-associated atherosclerosis and cardiac injury.D license.
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carcinogen.
Routine analysis of 1,3-butadiene is difﬁcult because of its
instability. Several methods have been developed for analysis of
1,3-butadiene in air. In NIOSHmethod 1024 (1994), 1,3-butadiene is
collected on activated charcoal in a tube connected to an air pump,
extracted with dichloromethane, and analyzed by GC-FID. Because
1,3-butadiene is a gaseous compound, the preparation and injec-
tion of a 1,3-butadiene standard must be performed carefully or
erroneous results will be obtained. Sample storage seems to
dramatically affect the analytical results. OSHAmethod 56 (1985) is
similar to NIOSH method 1024. Air is drawn through the sampling
tube containing charcoal adsorbent coated with 4-tert-butylca-
techol, and samples are then extracted with carbon disulﬁde and
analyzed by GC-FID. Methods based on solvent extraction are
inherently less sensitive than methods that do not use solvent
extraction because the sample is diluted by a factor of about 1000
during extraction.
Samples can also be analyzed by the thermal desorptionmethod
(Martin et al., 2005). Since this method does not use solvent
extraction, the sample is not diluted by solvent. This method,
however, has a typical dilution factor of 50e100, arising from the
combination of secondary and primary splits, which are adjustable
depending on the expected amount of analytes (SUPELCO, 2007).
Active sampling techniques have an advantage that the air vol-
umedrawnby thepunpwasknown. Butozone scrubber is necessary
for some compounds and KI ozone scrubber is easily deliquescent
under high humidity. On the other hand, the passive sampler has
some advantages. It is lightweight, small in size, lowcost and easy to
handle and it can alsoworkwithout electricity (Brown, 2000; Bohlin
et al., 2007; Kot-Wasik et al., 2007). Several passive samplers can
also be employed for determination of 1,3-butadiene. Martin et al.
(2005) used a badge-type passive sampler using Carbopack X
adsorbent to collect 1,3-butadiene. Supelco technical staffs (2007)
were used a radially symmetric sampler with Carbograph 5 adsor-
bent. Strandberg et al. (2006) used a thermal desorption e GC-FID
method to evaluate the performance of these samplers and adsor-
bents for collecting 1,3-butadiene.
We have developed both active- and passive-sampling tech-
niques for analyzing indoor and outdoor VOC concentrations
(Amagai, 2011; Olansandan et al., 1999). The passive sampler used
in this study consisted of a porous poly(tetraﬂuoroethylene) (PTFE)
tube ﬁlled with 194  4 mg of activated charcoal. VOC passed
through the porous PTFE which was the boundary layer of the
passive sampler, and was collected by the adsorbent inside of the
PTFE tube.
Because 1,3-butadiene is rapidly oxidized by ozone, ozone can
interfere with the collection of 1,3-butadiene. In general, we have
used a KI ozone scrubber to protect VOCs that can be degraded by
ozone. Thus, we compared 1,3-butadiene concentrations deter-
mined by the passive-sampling method with those determined by
an active-sampling method with an ozone scrubber. In these
comparisons, sampling was performed in an indoor chamber or
outdoors.
2. Materials and methods
2.1. Chemicals and reagents
A standard solution of 1,3-butadiene dissolved in toluene
(40 wt %), potassium iodide for oxidant analysis, magnesium
perchlorate, and indigo carmine were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). Carboxen 1000, a spher-
ical carbon molecular sieve, was obtained from SigmaeAldrich,
Inc. (St. Louis, MO, USA).2.2. Sampling methods
We used two types of passive sampler. The ﬁrst type consisted of
a porous PTFE tube (Sibata Scientiﬁc Technology, Tokyo, Japan)
packed with either granular activated charcoal or Carboxen 1000
(Olansandan et al., 1999; Trefz et al., 2011; Gallego et al., 2011). The
surface area of Carboxen 1000 is 2000m2 g1, which is greater than
the surface areas of other collection media. The second type of
passive sampler was a porous polyethylene tube (VOC-TD sampler,
Supelco Inc., Tokyo, Japan) packed with Carboxen 1000.
An active sampler consisting of 250 mg of Carboxen 1000
packed inside a glass tube (4 mm i.d.  90 mm) was used to
determine the concentration of 1,3-butadiene in air. The sampling
ﬂow rate was 0.25 or 0.15 L min1.
Sampling was conducted from October to December 2011 in
Gotenba City, Shizuoka, Japan. Gotenba City (latitude 35190N,
longitude 138560E) is a typical commercial city in Japan, with a
temperate climate (average temperature 25.3 C) and 88,896 in-
habitants (June 2012). We measured 1,3-butadiene concentrations
at the side of a heavily traveled (>200 vehicles per hour) trunk road
in Gotenba City.
2.3. Sample preparation and analysis
Desorption from the sampling tube and precondensation of 1,3-
butadiene were carried out with an automated thermal desorber
(Turbomatrix 650ATD, PerkineElmer, Norwalk, CT, USA). After
sampling, the Carboxen 1000 in the sampling tube was transferred
into a stainless steel desorption cartridge (89 mm  4.5 mm i.d.).
1,3-Butadiene was desorbed under a 20 mL min1 helium ﬂow at
280 C for 15 min and then cryofocused on a Carboxen trap at 5 C.
This trap was heated to 350 C at w40 C s1 and then held at
350 C for 4min. The desorbed 1,3-butadienewas transferred to the
GC column through a methylpolysiloxane line heated at 350 C.
Inlet and outlet split ﬂows were 3 mL min1 (Almén et al., 1993).
The GC/MS instrument consisted of a GC6890 gas chromato-
graph coupled with a 5975C mass spectrometry detector (Agilent
Technologies International Japan, Ltd., Hachioji, Japan). A (5%-
phenyl)methylpolysiloxane column (DB-5, 60 m length  0.32 mm
i.d., 0.25-mm ﬁlm thickness, Agilent) was used. The column oven
temperaturewas programmed from 35 to 80 C (at 5 Cmin1) over
9 min, and held for 2 min at 80 C, then raised to 250 C (at
20 Cmin1) over 8.5 min, and held for 10.5 min at the temperature
of 250 C. Helium at a ﬂow rate 1.0 mL min1 was the carrier gas.
Mass spectra were recorded in the electron impact mode at 70 eV,
scanning the m/z 29e250 range. The interface and source tem-
peratures were 150 and 250 C, respectively. The MSD Productivity
ChemStation (Agilent) was used for data acquisition and data
processing.
2.4. Quality assurance/quality control
We veriﬁed that the concentration of 1,3-butadiene in sample
blanks was below the limit of detection (detection limit deﬁned at 3
times the standard deviation of the lowest concentration of the
standard solution). Aﬁeld blank samplewas taken on each sampling
day, and the concentrations of 1,3-butadiene in the blank samples
were below 0.01 mg m3. Sample recovery ratios were from 94% to
99%, and relative errors were small, validating our procedure.
2.5. Calculation of concentration of 1,3-butadiene in air sampled
with passive samplers
The amounts of 1,3-butadiene collected with the passive sam-
plers were converted to air concentrations using a conversion
Fig. 1. Comparison of amounts of 1,3-butadiene collected on different adsorbents.
Fig. 2. Relationship between the amount of 1,3-butadiene collected by the passive
sampler and the concentration of 1,3-butadiene measured by the active-sampling
method.
K. Sakurai et al. / Atmospheric Environment 80 (2013) 198e203200equation. To establish the conversion equation, active- and passive-
sampling experiments were performed simultaneously indoors.
Prior to sampling, 100e200 mL of a standard solution of 1,3-
butadiene in toluene was evaporated and diffused homogeneous-
ly in a room in the laboratory. Then 1,3-butadiene was collected for
24 h with the passive and active samplers. The ﬂow rate through
the active sampler was 250 mL min1. The collection efﬁciencies of
the active sampler were determined from the ratio of the measured
concentrations of the 1,3-butadiene to the calculated concentra-
tions that were the 1,3-butadiene amounts added to the chamber
divided by the volume of the chamber. These values were at least
96.4%. The amounts of 1,3-butadiene collected by the passive
samplers were compared with the air concentrations of 1,3-
butadiene obtained by the active sampler.
2.6. Survey of outdoor concentration of 1,3-butadiene in air
We used passive and active samplers to determine the outdoor
concentration of 1,3-butadiene in air in Gotenba City. The passive
and active samplers were set at the side of a road with a trafﬁc
volume of about 100 vehicles per hour. Half of the active samplers
were equipped with an ozone scrubber containing potassium io-
dide. Samples were collected for 24 h (20e30 C, relative humidity
<80%) on sunny days.
2.7. Passive sampling of ozone
Ozone reacts rapidly with indigo carmine (Kettle et al., 2004). To
determine whether ozone penetrated the passive sampler, ozone
was passively sampled with the Shibata gas tube sampler or
Supelco VOC-TD sampler packed with silica gel impregnated with
indigo carmine. After sampling, reaction products were dissolved in
distilled water, and the absorbance of the solution was measured
with a spectrophotometer (V630, Jasco Corp., Tokyo, Japan).
3. Results and discussion
3.1. Amount of 1,3-butadiene collected on activated carbon or
Carboxen 1000
The air pollutant 1,3-butadiene can be collected on activated
carbon or Carboxen 1000 in the passive sampler prior to analysis by
thermal desorptioneGC/MS. The amount of 1,3-butadiene in indoor
and outdoor air collected on Carboxen 1000 was 2.8 times that
collected on activated carbon (Fig. 1). This result suggests that
passive sampling with Carboxen 1000 adsorbent is more sensitive
than that with activated charcoal adsorbent. Thus we used Car-
boxen 1000 as the adsorbent.
3.2. Conversion of the amount of 1,3-butadiene collected by the
passive sampler to air concentration
The amount of 1,3-butadiene collected by the passive sampler






¼ 28:5 0:5 AmountðmgÞ; (1)
where Concn is the concentration of 1,3-butadiene in air, and
Amount is the amount of 1,3-butadiene collected by the passive
sampler.
We used Eq. (1) to convert the amount of 1,3-butadiene
collected by the passive sampler to air concentration. Using Eq.
(1), we estimated the uptake rate of the passive sampler as25  1 mL min1. This rate was lower than the rates for benzene
(56 mL min1), toluene (48 mL min1), and acetone (41 mL min1).
Strandberg et al. (2006) reported that the uptake rate for 1,3-
butadiene is lower than that for benzene, which is consistent
with our results.3.3. Comparison between passive sampler and active sampler in
determining the outdoor concentration of 1,3-butadiene in air
To evaluate the performance of the passive sampler, we deter-
mined roadside concentrations of 1,3-butadiene using a passive
sampler, an active sampler with an ozone scrubber, and an active
sampler without an ozone scrubber (Fig. 3). The concentration
determined by the passive sampler was calculated by using Eq. (1).
On September 12e13, the concentration of 1,3-butadiene
determined with the passive sampler was (2.3  0.2) 
102 mg m3, whereas the concentrations of 1,3-butadiene deter-
minedwith the active sampler with and without an ozone scrubber
were 98  15 and 3.2  0.5 mg m3, respectively. Similar results
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7e8, the average concentration of 1,3-butadiene determined with
the active sampler without an ozone scrubber was 39  6 mg m3,
which was higher than that determined on September 17e18
(3.2  0.5 mg m3). This result may be due to lower ozone con-
centrations in Gotenba City in October because of wind direction
and lower temperature. Moreover, 1,3-butadiene collected by an
active sampler without an ozone scrubber is easily degraded by
ambient ozone (Maruo, 2007). In this study, the concentrations of
1,3-butadiene determined with the passive sampler were 2.4, 2.4,
and 1.9 times those determined with the active sampler with an
ozone scrubber. The concentration of 1,3-butadiene determined
with the passive sampler was consistently twice that determined
with the active sampler with an ozone scrubber, and the results
were reproducible on different days.
1,3-Butadiene and VOCs is easily degraded by ozone in the at-
mosphere (Li et al., 2010; Sexton et al., 2007; Biard et al., 2011;
Plaisance et al., 2007; Murad et al., 2002; Krupa et al., 2003). Our
results suggest that the potassium iodide ozone scrubber did not
completely prevent ozone degradation of 1,3-butadiene. When
potassium iodide reacts with ozone, water molecules are needed.
Thus part of the ozone may pass through the ozone scrubber.
The amount of 1,3-butadiene degraded by ozone in our passive
sampler was smaller than that of active sampler even though the
passive sampler did not include an ozone scrubber. Martin et al.Fig. 3. Roadside concentrations of 1,3-butadiene determined with an active sampler withou
The arrows indicate the amount of 1,3-butadiene collected on a passive sampler surrounde(2005) reported that ambient ozone did not appear to react with
1,3-butadiene in a diffusive sampler. Our results are consistent with
Martin’s, and may be due to one or both of the following: (a) the
porous tube of the passive sampler reacted with ozone or (b) the
ozone that penetrated the passive sampler was degraded by the
adsorbent.
To measure the amount of ozone that penetrated the passive
sampler, we packed silica gel impregnated with indigo carmine in
the passive sampler instead of Carboxen 1000 and placed the
sampler in a small chamber. Ozone from an ozone generator was
introduced into the chamber, and the ozone concentration in the
chamber was determined with an active sampler containing indigo
carmineecoated silica gel. The average ozone concentration
determined with the active sampler was 0.19  0.03 ppm, and
4.8  0.7 mL of ozone was collected by the passive sampler. These
results show that ozone penetrated the tube of the passive sampler.
Moreover, the estimated rate of uptake of ozone by the Shibata
passive tube was 17  1 mL min1, which is comparable to the
estimated rate of uptake of 1,3-butadiene (25  0.5 mL min1),
suggesting that ozone penetrated the passive tube. However, the
amounts of 1,3-butadiene degraded by ozone on Carboxen 1000
was small. This result raises the possibility that the part of the
ozone that penetrated the passive tube may react with the Car-
boxen 1000 adsorbent and/or the reaction rate of 1,3-butadiene
with ozone were slow in the passive sampler.t an ozone scrubber, an active sampler with an ozone scrubber, and a passive sampler.
d by magnesium perchlorate.
Fig. 4. Proposed mechanism of ozone elimination in the passive sampler.
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We have already reported that the effects of wind velocity,
temperature, and humidity on passive samplers consisting of a
porous PTFE tube packed with adsorbent can be ignored for
collection of volatile organohalogen compounds such as chloro-
form (Olansandan et al., 1999). We presume that these effects can
also be ignored for collection of 1,3-butadiene because the diffusion
layer of the PTFE sampler is the same in both cases.
3.5. Behavior of ozone in the passive or active sampler
Although ozone can penetrate the passive sampler, it attacks the
1,3-butadiene trapped in the Carboxen 1000 slowly in the sampler.
We propose that highly reactive ozone is destroyed by the Car-
boxen 1000 itself at its surface (Fig. 4). In the passive sampler, the
Carboxen adsorbent is not directly exposed to airﬂow, and ozone
must diffuse through the mesoporous PTFE laver before reaching
the adsorbent. In contrast, the active sampler with the KI ozone
scrubber is exposed to airﬂow, and ozone that is not removed by
the scrubber can react with 1,3-butadiene in the air sample.
Active sampling technique followed by GC/MS determination
for 1,3-butadiene have been widely used. But the passive sampling
technique in this study could apply measuring outdoor concen-
tration of 1,3-butadiene simply and reliably.
Passive-sampling technology is well developed and can be used
to determine VOC concentrations in the workplace, to evaluate
indoor and outdoor air quality, and to determine pollutant levels in
groundwater and surface water. In this report, we have demon-
strated that the passive samplingeautomated thermal desorptione
GC/MS method is well suited for determining 1,3-butadiene con-
centrations in air: the method is highly sensitive, and the collection
amounts are less affected by wind velocity, temperature, or hu-
midity. In general, passive sampling is simple and effective and can
provide accurate data on C2eC5 VOC air pollutants such as 1,3-
butadiene under a wide range of challenging site conditions.
4. Conclusion
Wehave found that the performance of a passive sampler packed
with Carboxen 1000 is superior to that of a passive sampler packed
with activated carbon or an active sampler with a KI scrubber. In theactive sampler, ambient ozone that is not removed by the scrubber
quickly destroys some of the 1,3-butadiene in the air sample. Thus
this type of sampler may not accurately reﬂect the actual concen-
tration of 1,3-butadiene in the air sample. In contrast, we have
proposed that reaction rates with ozone that penetrates a passive
sampler with Carboxen 1000 were slower than those of active
sampler. Thus a passive sampler packedwith Carboxen 1000 can be
used to determine the actual 1,3-butadiene concentration in air.Notes
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